This article examines the ecosystem impacts of transgenic Bt cotton technology resulting from reduced chemical pesticide use. Employing unique panel data from smallholder farmers in India, negative environmental and health effects of pesticide use are quantified with the environmental impact quotient (EIQ), with and without Bt technology. An environmentally sensitive dynamic production function is estimated, treating the environmental risk of pesticide toxicity as an undesirable output in the production process. Negative externalities are significantly lower in Bt than in conventional cotton. The reduction in EIQ through Bt technology adoption has increased from 39 per cent during 2002-2004 to 68 per cent during 2006-2008. Bt adoption has also contributed to higher environmental efficiency. Environmental efficiency is influenced by the quality of Bt technology: high-quality Bt seeds are associated with higher environmental efficiency than lower-quality seeds.
Introduction
The potential impacts of transgenic crops on farmer welfare and the environment are widely discussed. While the economic impacts of transgenic crops are well-documented Smale et al. 2009; Qaim 2010; Kl€ umper and Qaim 2014) , their impacts on agro-ecosystems remain less clear. Concerns that transgenic crops could cause negative environmental effects and jeopardise the health of consumers commonly dominate reports in the popular media. Frequently cited potential negative impacts include biodiversity risks of introducing invasive species into ecosystems, negative effects for beneficial and other nontarget organisms, and indirect effects on species that depend on the pests controlled by transgenic crops for survival (Marvier et al. 2007; Lu et al. 2012) . Barrows et al. (2014) observed that the public arguments against the application of transgenic crops have hardly changed over the last 20 years, and that possible environmental benefits are commonly overlooked. One possible environmental benefit relates to reductions in the use of chemical pesticides. While impacts of transgenic crop adoption on pesticide quantity have been studied, changes in pesticide toxicology levels and their environmental and health effects have hardly been analysed. We address this research gap by using the example of transgenic Bt cotton technology in India. Given that chemical pesticides cause considerable negative externalities in developing countries, this is an important research direction. There may be other environmental effects of transgenic crops that we do not address in this study.
Transgenic pest resistance technology with Bacillus thuringiensis (Bt) genes was developed to reduce farmers' dependence on chemical pesticides. Crop plants carrying Bt genes produce biological substances that are toxic to insect pests of the Lepidoptera order. Bt cotton and Bt maize are currently among the most widely used transgenic crop technologies worldwide (James 2014) . While conventional cotton and maize are often sprayed heavily to control insect pests, the proportion of pesticide active ingredients (a.i.) actually reaching the target pests is relatively low. Accordingly, negative environmental externalities are commonplace (Pimentel 1995) . At the same time, pest control remains partial, especially in developing countries (Qaim and Zilberman 2003) . Bt technology adoption can make insect pest control more effective while reducing the need to spray toxic chemical pesticides.
Transgenic Bt cotton has been adopted in a number of cotton-producing countries in North and South America, Africa and Asia. In India, this technology was first commercialised in 2002. Since then, Bt cotton has been adopted by several million smallholder farmers in India (James 2014) . Using four rounds of panel data collected between 2002 and 2008, we capture the early Bt diffusion phase with relatively low adoption rates, as well as the later phase with much higher technology adoption. The data provide a quasiexperimental setting for the evaluation of Bt technology impacts under changing conditions. Even though our data collection ended in 2008, Bt cotton adoption rates in India have remained high since then. In 2015, Bt cotton was cultivated on 95 per cent of the total Indian cotton area (Krishna et al. 2016) . There is no evidence that the effects of Bt technology have changed significantly after 2008 (James 2014; Qaim 2016) .
The changes in pesticide use in India through Bt cotton adoption were studied by Krishna and Qaim (2012) and Kouser and Qaim (2011) . However, the eco-toxicological dimensions of these shifts in pesticide use remain unstudied. This also holds true for other countries where Bt technology is used. Bennett et al. (2004) , Hossain et al. (2004) , Wossink and Denaux (2006) , Morse et al. (2006) and Kouser and Qaim (2013) have all analysed specific aspects, such as impacts of Bt cotton adoption on farmer pesticide poisoning, but none of these studies has looked at eco-toxicological effects from a broader perspective. The common approach to evaluate pesticide effects of transgenic technology adoption is to quantify changes in the quantity of pesticides or a.i. used. However, pesticide quantity is only a crude proxy of environmental and health impacts, because pesticides differ widely in terms of their eco-toxicological effects. The type and nature of pesticides used in Bt and conventional cotton are often not the same. To address this issue, we calculate the environmental impact quotient (EIQ) associated with pesticide use in Bt and conventional cotton, accounting for both pesticide quantity and toxicity levels. In a recent study, Abedullah et al. (2015) also used the EIQ to estimate impacts of Bt cotton adoption on environmental efficiency in Pakistan. They used EIQ as an input in a production function model. However, F€ are and Grosskopf (2003, 2004) pointed out that the approach of considering environmental risk as one of the production inputs is not fully consistent with physical laws and the standard axioms of production theory. We use a directional distance function approach and treat the environmental risk of pesticide externalities as an undesirable output.
The objectives of this study are twofold. First, we assess the ecosystem impacts of Bt cotton adoption in India, accounting for the change in pesticide quantities and toxicological levels at the farm level. We hypothesise that Bt cotton reduces the negative ecosystem impacts and further analyse whether this effect varies over time. Second, we estimate and compare the environmental efficiency of Bt and conventional cotton production, hypothesising that Bt adoption leads to higher environmental efficiency. Since chemical pesticides cause undesirable effects on human health and the environment, we carry out the efficiency analysis by treating the negative externalities as an undesirable output, alongside the desirable output (cotton) in the production process. Thus, we explicitly consider the trade-off between desirable cotton yield and undesirable environmental risk.
Materials and methods

Data
We use data from a panel survey of Indian cotton farmers, which was carried out in four rounds between 2002 and 2008. In a multistage sampling framework, four states in central and southern India were purposively selected, namely Maharashtra, Karnataka, Andhra Pradesh and Tamil Nadu. From these states, 10 cotton-growing districts and 58 villages were randomly selected. In total, 341 cotton farmers (434 plots) were sampled in 2002. Sample attrition occurred in subsequent years, as is normal in panel data, but no significant differences were found between the proportion of dropouts in Bt and non-Bt cotton. To replace the dropouts, in every survey round new sample farmers were selected randomly from the same villages. Thus, the number of farm (plot) observations was 362 (464), 342 (369) and 380 (383) Kathage and Qaim (2012) and Krishna and Qaim (2012) .
For analysing possible changes of impacts over time, we divide the period between 2002 and 2008 into two phases; the early phase (2002) (2003) (2004) when the process of Bt diffusion started, and the later phase (2006) (2007) (2008) when the majority of the farmers had adopted the new technology.
2.1.1. Descriptive statistics Table 1 shows pesticide quantity and pesticide cost per acre of Bt and conventional cotton. The data are disaggregated by World Health Organization (WHO) toxicity class, whereby class Ia refers to the most toxic, and class III to the least toxic chemicals. Pesticides that are either unlikely to be hazardous or have not yet been classified are captured under "others". Across all toxicity classes, we observe lower pesticide use in Bt than in conventional cotton. Overall, pesticide use in conventional cotton was more than double the use in Bt cotton. Lower pesticide use with Bt cotton was also observed in other countries (e.g., Huang et al. 2002 in China; Bennett et al. 2004 in South Africa; Qaim and de Janvry 2005 in Argentina). The reason that certain quantities of chemical pesticides are still used in Bt cotton, in spite of the inbuilt pest resistance, is that cotton is attacked by various types of insect pests, whereas the Bt toxin is only effective against species of the Lepidoptera order, especially bollworms.
A breakdown of pesticide use by survey round is provided in Figure 1 . Interesting to observe is that there has been a reduction across all toxicity classes over time for both Bt and non-Bt cotton. In Bt cotton, pesticide use was already low in 2002, but a further reduction of highly toxic pesticides occurred between 2004 and 2006. This coincides with more widespread adoption of Bt cotton and the introduction of a larger number of Bt varieties that are better adapted to diverse agro-climatic conditions (Krishna et al. 2016) . Also in 2006, Bt cotton varieties containing two stacked Bt genes (cry1Ac and cry2Ab) that together provide more effective resistance to a broader spectrum of Lepidoptera pests were commercially released. The wide adoption of Bt varieties in the later period contributed to area-wide suppression of Bt target pests, so that even nonadopters of the technology were able to reduce their chemical pesticide use (Krishna and Qaim 2012) .
Estimation of environmental impact
The environmental impact analysis compares patterns of pesticide use in transgenic and conventional cotton and the resulting undesirable effects on human health and the environment. These effects are quantified with the EIQ, a comprehensive and consistent measure to assess pesticide risks in agricultural production systems (Maud et al. 2001; Kleter et al. 2007) . EIQ involves three main components: risk to farm workers, risk to consumers and risk to the ecosystem. Ten health and environmental factors that cause concern to farm workers, consumers and the environment are commonly identified, rating persistence, toxicity and exposure measures on a scale from one to five, with one being the lowest toxicity or potential to harm and five being the highest (Kovach et al. 1992) . In the calculations, this information is reduced to a single indicator value, EIQ, for each pesticide a.i. as follows (Kovach et al. 1992) :
where, C is chronic toxicity, DT is dermal toxicity, SY is systemicity, F is fish toxicity, L is leaching potential, R is surface loss potential, D is bird toxicity, S is soil half-life, Z is bee toxicity, B is beneficial arthropod toxicity and P is plant surface half-life. Our study focuses only on the pesticide risk on farmers/farm workers and the ecosystem, because consumer toxicity is not relevant for a nonfood crop such as cotton. To compare impacts of pesticides in Bt and non-Bt cotton at field level, EIQ field use ratings are calculated as the product of EIQ per unit of a.i. and the actual quantity of pesticides applied. The total seasonal environmental impact of each production system is calculated by summing up the EIQ field use ratings for each pesticide spray over the entire cropping season.
In a next step, we use the calculated EIQ values as dependent variable in panel regression models to analyse factors that influence pesticide environmental and health impacts. In these plot-level regressions, Bt adoption is used as one explanatory variable, next to a set of other covariates, including farm and household characteristics and regional control variables. Bt adoption is captured through two dummy variables We estimate three sets of models on the determinants of plot-level EIQ values, one with EIQ (field), second with EIQ (ecology) and the third with EIQ (worker) as dependent variable. These models can be represented as follows:
EIQ
where EIQ j it is the plot-level EIQ of type j (field/ ecological/ worker) for farmer i in year t. x it is a vector of time-variant explanatory variables, including the Bt and non-Bt treatment dummies as well as other plot-level variables, such as irrigation intensity. We also include crop duration measured as the number days between sowing and the last harvest. In the Indian context, where cotton is picked manually several times per season, crop duration is largely determined by farmers themselves (Qaim et al. 2006) . When the land is needed for the next-season crop, the cotton plants are removed after the main harvest has been collected, otherwise they are left in the ground for another round of picking. x it also includes time-variant socioeconomic controls, such as household living standard. z i is a vector of time-invariant variables such as farmer education and geographic controls. υ i and m t represent unobserved individual and time-specific effects, respectively, and a, b and c are coefficients to be estimated with a random-effects (RE) estimator.
However, if unobserved individual-specific effects are correlated with EIQ as well as with one or more of the explanatory variables, the estimates of the associated parameters will suffer from non-random selection bias. The advantage of panel data is that we can test and control for such bias by using a fixed-effects (FE) estimator. The FE estimator analyses and explains withinfarm variability, so that all time-invariant variables, including unobserved ones, are cancelled out. A Hausman test is used to test for systematic differences between the RE and FE models (Greene 2008) . If the null hypothesis of no significant differences is rejected, the FE estimator is preferred. Otherwise, the RE estimator leads to unbiased results.
Estimation of environmental efficiency
Agriculture involves the joint production of desirable (good) and undesirable (bad) outputs. One example of undesirable outputs is negative externalities of chemical pesticides. In India, cotton had been one of the most chemicalintensive crops during the 1990s, before the introduction of transgenic Bt technology. The undesirable externalities are represented by the EIQ values. The joint production of good and bad outputs can be expressed in terms of feasible output sets P x ð Þ;
where T ¼ ½ðx; y g ; y b Þjx can produce ðy g ; y b Þ represents the technology,
þ is undesirable EIQ output and measures the environmental impact of pesticide applications in years t ðy b t Þ and tÀ1 ðy b tÀ1 Þ, and x 2 < K þ represents K inputs other than pesticides. Outputs and inputs all refer to year t, only for pesticides we follow the approach by Skevas et al. (2012) and also include tÀ1 because -due to dynamic effects -previous pesticide use may have indirect effects on current production and environmental conditions.
A directional distance function (DDF) approach is used to analyse the environmental efficiency of Bt technology (the standard axioms of the DDF production process with environmental externalities are described in the Appendix, including a graphical illustration in Figure S1 ). Beyond the choice of seed technology, reducing environmental risk tends to involve costs, such as purchasing more expensive pesticides with lower toxicity, use of other protective measures, or reduced production due to uncontrolled pest infestation. The objective is to simultaneously maximise the good output and minimise the environmental risk. The desired direction of the environmental-economic DDF is the maximum expansion of cotton yield in the d g direction with the largest feasible proportional contraction in inputs and EIQ (in t and tÀ1) in Àd x and À d b f¼ ðÀd b t ; Àd b tÀ1 Þg directions, respectively. Formally, the DDF is defined as (Skevas et al. 2012) :
Under properties of null-jointness, jointly weak disposability and strong disposability of the desirable output, the value d measures the environmentally sensitive productive technical inefficiency ).
The production technology described in Eqn (4) can be defined either by a meta-frontier with the boundary of an unrestricted technology set, or by a group-frontier with a restricted technology set where restrictions are derived from the year of cultivation and the specific production environment in that year. Let ð Þ is represented by the meta-technology ratio (MTR), which is defined as the ratio of output of the group-specific production frontier relative to the potential output described by the meta-frontier (Battese et al. 2004) . That is, the MTR between Bt and non-Bt is
capturing productivity differences over time.
To operationalise the DDF model, we adopt the activity analysis for decision-making unit (farm) i = 1, . . .., N, producing one desirable and one undesirable output and using k = 1,. . .,K variable inputs. Constant returns to scale (CRS) are assumed Macpherson et al. 2010; Skevas et al. 2012) :
where z is the intensity variable. The expansion factor d measures the distance from the observed performance of the farm to the production frontier at the boundary of the feasible production set in the desired direction, df¼ ðd g ; Àd min ; x min k Þg , and d b t measures the environmental efficiency of the production process in terms of pesticide impact. Alternatively, if d i is equal to zero, farm i lies on the production possibility frontier. Here, d does not require any functional form specification but is sensitive to measurement units and magnitude of the variable. This sensitivity can cause serious problems, as inconsistency is common across agro-environmental variables (Macpherson et al. 2010) . To manage this sensitivity, we transform the variables to:
Under this transformation, d is similar to an elasticity measure (PicazoTadeo et al. 2005) and is equivalent to the maximum increase (decrease) in desirable outputs (inputs and undesirable outputs) as a percentage of the maximum observation for each variable in the dataset (Macpherson et al. 2010) . The CRS assumption is used to facilitate the impact analysis. Allowing variable returns to scale would divide the data into sets of farms with similar returns to scale, possibly partitioning between Bt and non-Bt, which would complicate the evaluation (Ferraro 2004 ). Table 2 compares pesticide EIQ for Bt and non-Bt cotton (see Figure S2 in the Appendix for a breakdown by survey round). We compare EIQ field use rating (field) as an aggregate measure, as well as EIQ for farmers/farm workers (worker/human) and the ecology (ecological) as separate categories. Table 2 shows significant differences between Bt and non-Bt cotton, especially for the more toxic chemicals. Pesticide use in Bt cotton has much lower negative health and environmental impacts. The disaggregation reveals that the difference is larger for ecological than for human health dimensions, which is consistent with the findings by Kleter et al. (2007) . In spite of significant differences between Bt and non-Bt cotton, it should be noted that the EIQ values for both technologies are associated with high variability. This variability is due to differing cultivation practices across the geographic regions with varying agro-climatic and socio-economic conditions. This issue is addressed below as part of the regression analysis.
Results and discussion
Environmental impacts of Bt adoption
Sample mean values of the variables used in the regression analysis are shown in Table S1 in the Appendix. Estimation results of the panel regressions, with EIQ and its components (ecological and farm worker) as dependent variables, are shown in Table 3 . While the RE and FE specifications show similar results, the Hausman test reveals systematic differences, so that the FE results are preferred. Bt adoption has led to a significant decrease in negative health and environmental impacts of pesticide use, and this beneficial effect has increased over time. for ecological and farm worker EIQ show similar results. The negative and significant effect of non-Bt during 2006-2008 can be explained through the area-wide suppression of Bt target pests resulting from widespread Bt adoption, as discussed above. Most of the other control variables have the expected signs. Irrigation and more rainfall are associated with higher EIQ (Table 3) , as moist conditions lead to higher insect pest pressure and more frequent pesticide applications. Also, farmers have to use higher quantities of pesticides during seasons with increased rainfall, as the rain washes away the pesticides and thus reduces efficacy. The household food expenditure share, which we use as a proxy for living standard, does not have a significant effect, suggesting that richer and poorer cotton-growing households produce with similar environmental impacts, once other factors are controlled for. However, the RE specifications show that better educated farmers produce with lower negative health and environmental impacts, probably due to their higher awareness of the toxic effects of chemical pesticides. Finally, the state dummies point at significant regional differences. Cotton production in Maharashtra, Andhra Pradesh and Karnataka is associated with more negative externalities than in Tamil Nadu, which is the reference state in these model specifications.
Environmental efficiency of cotton production
We now employ the production function models to analyse environmental efficiency. Sample mean values of the input and output variables used are shown in Table S2 in the Appendix. In all survey rounds, cotton yields were significantly higher with Bt than without, which is consistent with data from other countries Qaim 2009; Ali and Abdulai 2010) . Estimation results of the environmental-economic efficiency models are shown in Table 4 . We used the meta-frontier concept as the boundary of an unrestricted technology set. This frontier envelops both types of technologies (Beltr an-Esteve et al. 2014). A global frontier is also constructed by enveloping all the available technology sets over the entire period of the study.
Different types of efficiency scores are show in Table 4 . Of primary interest, here are the environmental efficiency scores shown in the upper part of the Table. The global frontier reveals a significantly higher environmental efficiency for Bt technology (last two columns of Table 4 ). With an average meta-frontier efficiency score of 69 per cent, Bt farmers are 6 percentage points more efficient than non-Bt farmers. During the early phase of Bt diffusion (until 2004) , the environmental efficiency of Bt plots was lower than that of non-Bt plots, whereas in the later phase, Bt plots outperformed nonBt plots significantly. However, the efficiency scores are relatively low in general, pointing at high heterogeneity and ample scope to further improve the environmental-economic performance. While Bt technology helps to reduce negative health and environmental externalities, many Bt adopters still over-use chemical pesticides, which was also observed elsewhere (Qaim and de Janvry 2005; Kouser and Qaim 2014) . The interpretation is similar when comparing Bt and non-Bt plots in each survey year with respect to the individual group-frontiers. Furthermore, it can be seen that the meta-frontier efficiency scores of Bt consistently increased over time ( Figure 2 establishes the differential impact of environmentally hazardous pesticide use on the efficiency of Bt and non-Bt cotton production. In both panels, the vertical axes show the percentage change in efficiency due to pesticide application. Pesticide use has a positive influence on efficiency for non-Bt cotton, particularly at lower and higher levels of pesticide use (less so in the medium range), whereas it has a clear negative influence on efficiency for Bt cotton. In non-Bt cotton, bollworm infestation is high leading to a significant reduction in yield unless pesticides are sprayed. In contrast, in Bt cotton the number of pesticide sprays is often higher than what is required (Kouser and Qaim 2014) , so that additional sprays do not necessarily have any positive effect on yield. Over-spraying rather deteriorates the environment. Such spraying behaviour was observed more widely during the early phase of Bt adoption, pointing at possible farmer learning effects.
The meta-technology ratios (MTR) are also shown in Table 4 . Overall, Bt and non-Bt production exhibit a technology gap of 13 and 15 per cent respectively, suggesting that Bt outperforms non-Bt technology. However, especially during the early stages of Bt adoption, the MTR differences were small. These differences increased over time. While the MTR for Bt cotton production increased after 2004, the MTR for non-Bt cotton production decreased. These changes are partly due to the fact that in the early years of adoption low-quality Bt seeds were used by some farmers, including secondgeneration hybrids obtained from the black market. With the increasing number of officially approved Bt varieties in later years, the size of the black market and the problem of low-quality seeds declined (Krishna et al. 2016) . As explained, an improved technology with stacked Bt genes was also commercially released in 2006. A further outward shifting technology frontier induced by Bt technology is also the reason for the widening technology gap for non-Bt cotton over time.
Technology quality and efficiency
The results of the environmental-economic efficiency analysis showed high heterogeneity even among the Bt adopters. Several studies pointed at significant variability in Bt impacts due to differences in farm, household and contextual characteristics (Qaim et al. 2006; Morse et al. 2007) . Another possible factor is the varying quality of the transgenic technology itself, which has rarely been analysed. In India, different types of Bt seeds were sold in different phases of the diffusion process. Second, regional governments in some of the states intervened in the market by setting maximum retail prices for the sale of Bt seeds. In some districts, local governments even subsidised the Bt seed price to make the technology more accessible to farmers. At the same time, the first publicly developed Bt seeds were commercialised. The right-hand panel of Figure 3 shows that the relationship between Bt seed prices paid by farmers and efficiency of Bt cotton production changed in the 2006-2008 period, following a U-shape. Very low seed prices are associated with high mean efficiency scores. This is primarily due to farmers who used high-quality Bt seeds but only had to pay a low price, because they benefited from state subsidies and low maximum retail price limits. Mediumpriced seeds were associated with low efficiency scores in 2006-2008. These were probably seeds of dubious quality obtained from various sources. In some regions, due to the government price interventions, the demand for Bt seeds was higher than the supply in the formal market, so that different forms of black-market sales emerged. Beyond a certain Bt seed price level, a positive relationship with production efficiency is observed. We conclude that technology quality also played an important role for efficiency in 2006-2008.
Conclusion
Controversies around transgenic technologies arise and persist primarily in the absence of credible empirical evidence on their impacts. In this article, we have provided empirical evidence on the effects of Bt cotton on pesticideinduced environmental and health risks in India. Based on the results, the following conclusions can be drawn.
First, cotton farmers who adopted Bt technology moved towards more eco-friendly pesticides. Bt adoption has decreased the use of chemical pesticides in general, particularly of those pesticides that are highly hazardous for the environment and human health. Thus, Bt technology contributes to a greener production process. At the same time, yields with Bt cotton are consistently higher than those with conventional varieties.
Second, a higher level of environmental efficiency is achieved with Bt technology. Levels of environmental efficiency are positively correlated with Bt seed quality. This points at the importance of transparent and competitive seed markets to foster sustainable agricultural growth. While the market for Bt seeds in India was not competitive and heavily restricted in the early years of technology diffusion, the situation has improved over time, although direct government interventions in the seed market are still commonplace.
Finally, even though Bt adoption has resulted in significant efficiency gains, the overall environmental-economic production still shows ample scope for further improvement. We found a mean technology gap of 13 per cent. Varying Bt seed quality can explain some of this gap, but several other factors are likely to play a role as well. This requires further investigation. In any case, transgenic seeds should be considered as one element of a broader agricultural development strategy, not as a universal remedy that can substitute for other important elements such as improved agronomy, education, markets or agricultural policy.
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